Metallamacrocycles of 12, 16, and 22 members are obtained by deprotonation of the carboxylic group of the side chain of iminopyridine complexes derived from the aminoacid β-alanine, and the peptides Gly-Gly and Gly-Gly-Gly. Instead of the expected intramolecular attack to give tridentate (N,N,O) ligands, the deprotonated carboxylate attacks in an intermolecular manner to give dimers in which the ligand acts as a bridge bonded in a κ 2 (N,N') chelating fashion to one metal and as κ (O) to the other metal. The formation of the dimers is supported by NMR spectroscopy, mass spectrometry and Xray crystallography. 2 (N,O) ligands in metal complexes as convenient precursors for iminopyridine complexes via Schiff condensation, 15 and we have recently shown that these complexes serve also as excellent substrates for hydroxyketone complexes via aldol additions. 16 In the course of this work we have prepared a family of Mn, Re and Mo complexes containing iminopyridines bearing a side arm derived from amino acids 15b and peptides. 15d We anticipated that halide abstraction followed by deprotonation ARTICLE Journal Name 2 | J. Name., 2012, 00, 1-3 This journal is Please do not adjust margins Please do not adjust margins with a base would induce the coordination of the carboxylate function, thus affording a tridentate κ 3 (N,N',O) iminopyridine 2a M = Mn, L = CO 2b M = Re, L = CO 2c M = Mo, L =  3 -methallyl Scheme 1. Synthesis of dimers from β-Ala derivatives of Mn, Re and Mo (2).
Introduction
Bioconjugation has emerged as a convenient tool to insert metal complexes into biomolecules. 1, 2 The initial aim has been surpassed by a wide variety of applications ranging from analytical or materials chemistry to nano-chemistry. Additionally, the use of easily available small biomolecules such as amino acids and peptides as ligands in metal complexes has been active for many years. 3 In particular, artificial β-peptides have been used to obtain macrocyclic Ni(II) complexes with internal cavities. 4 The study of the intramolecular H-bond interactions in proteins is a central field in biochemistry, and organic synthesis has played a very important role in the design of molecules which mimic the different conformations of the proteins. 5 A number of transition metal bioconjugates have been used in recent times to study peptidic H-bonds. 6 The use of peptides is particularly attractive due to their wide commercial availability and well-established and automated methods for their syntheses. 7 In nature, the function of peptides is determined by their well-defined secondary structures, which lock the side-chain functional groups of their constituent amino acid residues into specific relative conformations. However, free short peptide chains do not spontaneously adopt well-defined conformations, but instead exist in disordered "random-coil" conformations. In order for synthetic peptides to achieve the biological functions or level of chemical specificity of their natural counterparts, it is necessary to create additional structural constraints through covalent or non-covalent interactions. Cyclization of a peptide by coordination to a metal atom can induce conformational order, either through multidentate coordination of the peptide chain using the metal atom as a "clip" to fix the peptide chain into a specific geometry, or through the formation of a metallacyclic dimer or higher order aggregate. 8 This approach is also advantageous for applications in which the metal atom itself provides biological or catalytic activity. The metal-induced structural order may also be further enhanced through other peptide-peptide noncovalent interactions, such as hydrogen bonding. Naturallyoccurring structural motifs such as the α-helix, 9 β-sheet, 10 and γ-turn 11 have been induced in metallocycles. However, the current level of fundamental knowledge of metal-peptide interactions is not yet sufficient to achieve the true rational synthesis of scarce metallacyclopeptide structures, and more fundamental studies are needed. In the last years, several groups have focused their attention on the use of Schiff base formation as a convenient way to introduce different molecules of biological interest into a variety of organometallic fragments such as M(CO) 4 (M= Mo, W) 12 or M(CO) 3 X (M = Re, M = 99m Tc, X = Cl, Br) 13 , including amino acid esters, dipeptide-esters and nucleosides. Inspired by the previous work of Alberto et al, 14 we have been interested in the use of complexes containing pyridine-2carboxaldehyde as k carboxylate. Instead, dimers were formed with the carboxylate function acting as a bridge, thus forming metallamacrocycles of 12, 16 and 22 members. While this work was in progress, Ziegler, Herrick et al reported the preparation of two analogous Re complexes derived from amino acids with short side chains. 17 We present here a general procedure for the preparation of dimers which consist of metallamacrocycles of up to 22 members derived from aminoacids and peptides, which evidence a definite tendency of the ligands to form macrocyclic dimers of Mn, Re and Mo by acting as bridges, thus opening a convenient way to prepare metallamacrocycles including scarce metallacyclopeptides.
Results and Discussion
Metallamacrocycles derived from β-alanine.
Complexes 1a-c were reacted successively with silver triflate to extract the halogen, and then with a base (typically a slight excess of NEt 3 (1.5 equiv) although an excess of K 2 CO 3 Figure 3 ). From the distances and angles (see caption to Figure 3 ), the strength of these H-bonds can be considered as moderate. 18, 19 The presence of these ion pairs interacting with the carboxylate oxygen in 2a' produces an important distortion in the structure; as a result, the symmetry of the macrocycle is lowered and the inversion center is lost. When the same conditions were used with the analogous Re or Mo compounds it was not possible to obtain this type of structure with the ion pairs H-bonded to the macrocycle. Complexes 2a-2b were sparingly soluble in most solvents thus preventing a detailed study by NMR. However, despite the low solubility of the complexes, it was possible to obtain their 1 H NMR spectra in acetone-d 6 which suggests that the iminopyridine systems appear equivalent in solution. However we note that the use of coordinating solvents may compromise the integrity of the dimer. In contrast, molybdenum dimer 2c was substantially more soluble than its Re and Mn analogues and could be studied by NMR. In this case, the dimer was even soluble in non-coordinating solvents such as CD 2 Cl 2 and CDCl 3 , in which the iminopyridine system is readily observable, with the signals appearing as equivalent in solution, suggesting that an effective centrosymmetric structure is maintained in solution. The unambiguous and correct assignment of the signals was possible with the help of additional 2D NMR experiments ( Fig  S3) . The experiment showed the slower diffusion of dimer 2c with respect to its monomeric precursor 1c, as would be expected from its greater hydrodynamic radii, thus providing additional evidence of the maintenance of the dimer in solution. The formation of 2c was followed by 1 H NMR in CDCl 3 , showing that it was the only soluble product of the reaction (see Supporting Information, Fig S4) . Briefly, addition of NEt 3 to 1c in CDCl 3 followed by addition of AgOTf to the resulting purple solution yielded the formation of dimer 2c as the only iminopyridine-containing reaction product after 3h at room temperature. Two analogous dimeric complexes containing iminopyridines derived from glycine and L-alanine have been reported previously by Ziegler, Herrick et al. 17 It was claimed that the 10-membered ring rhenium dimers were formed because the geometric restriction on the α-carbon of the amino acid residue does not allow for the intramolecular coordination of the carboxylate oxygen. In contrast, there is not any severe geometric restriction to intramolecular coordination for the four member side-chain of our complexes 2a-c; as can be concluded by an inspection of molecular models and also the existence of some related structures. 20, 21 Nevertheless, the intermolecular attack is preferred to the intramolecular ringclosing affording 12-membered ring dimers. This result is Please do not adjust margins Please do not adjust margins Mo(II). As will be shown below, dimer formation appears to be a definite trend of these complexes independent of the length of the chain. While the very low solubility of 2a and 2b and all the dimers derived from Gly-Gly (4) and Gly-Gly-Gly (6), (see below), could be the driving force for the formation of such dimeric structures, the good solubility observed in the case of the molybdenum dimer 2c points out that other factors can favor the intermolecular coordination of the carboxylate group versus the expected intramolecular coordination. In a recent communication, we have reported the formation of 10 or 12 membered manganese metallamacrocycles templated by the presence of a proton that is strongly bonded between two oxygen atoms of alkoxo groups. 15d In a similar vein, the formation of the complexes 2, 4 and 6 could be facilitated by the formation of H-bonds between carboxylic acids or carboxylic acid-carboxylate groups from the iminopyridine side chain.
Metallamacrocycles derived from Gly-Gly
The study of the chemistry of complexes 3a-c with a pendant glycylglycine chain is particularly attractive since these compounds include a peptide chain which could interact through H-bonding. Encouraged by the formation of the 12 membered metallacomplexes derived from β-alanine, we decided to test if the formation of such dimers would be extensible to longer chains while keeping the tendency of dimerizing in the three systems: Mn, Re and Mo. We used complexes 3 derived from peptide glycylglycine, Gly-Gly, in order to prepare metallacyclopeptides by using the simple synthetic methodology illustrated above for the synthesis of 12 membered metallacomplexes (see Scheme 2). The synthesis of metallopeptides with the aim of creating specific biological activities has been a topic of interest in the field of bioinorganic chemistry in recent years. The short peptides, which are disorganized as linear chains, can be fixed (4) into specific conformations by the formation of metallacyclic structures through coordination of the peptide residues to a metal center. 22 The ability of these synthetic metallacyclicpeptides to mimic specific structural motifs found in nature, such as the α-helix and β-sheet, has already been demonstrated in several examples. 8, 23 However, in order to rationally design metal-peptide interactions with specific conformations and biological functions, it is necessary to understand the reactivity and coordination behavior between different metal centers, and peptide binding sites, as well as the peptide-peptide non-covalent interactions. Treatment of complexes 3a-c, containing iminopyridine derived from the dipeptide Gly-Gly, with AgOTf/NEt 3 , as described above, led to the formation of dimers 4a-c. Again, the formation of dimers was preferred over the intramolecular attack to give tricoordinate (N,N',O) to the same metal. In this case the complementary attack of the carboxylate to a neighboring metal produces 16-member metallacycles as seen in Scheme 2. For the molybdenum derivative 4c it is not necessary to use the silver salt, since treatment of a CH 2 Cl 2 suspension of the parent 3c with a 1.5 equiv of NEt 3 produces immediately a dark violet solution from which the dimer 4c precipitates slowly as black crystals, while NHEt 3 Cl remains in solution. Despite the low solubility of these complexes, it has been possible to obtain crystals suitable for X-ray crystal structure determination of 4a ( Figure 4 ) and 4c ( Figure 5 ) by dissolving a small amount of the complex in hot methanol and allowing the solution to cool slowly. to the low solubility and the broadness of the signals, which can be attributed to the existence of different conformers and probably some dynamic interconversion processes. Lowering of the temperature resulted in the precipitation of the compound. In an attempt to obtain some information the molybdenum derivate was chosen due to its greater solubility in comparison with its Mn and Re analogues in the case of the dimers derived from β-alanine (see above for dimers 2). The reaction was monitored by 1 H NMR by dissolving compound 3c
(15 mg) in acetone-d 6 (0.6 mL) and adding the stoichiometric amount of NEt 3 (5 µL). Successive spectra showed the disappearance of the signal of the carboxylic proton, and the formation of the triethylammonium cation accompanied by the broadening of the signals of the complex. After three days at room temperature, black crystals of 4c were obtained in the NMR tube (81 % yield). The 1 H NMR spectrum of the solution exhibited only the signals of the [NHEt 3 ] + cation and a very small amount of some unidentified impurity. The black crystals obtained in the NMR tube were studied by electrosprayionization time-of-flight high resolution mass spectrometry (ESI-TOF) and X-ray diffraction, confirming the formation of the dimer 4c. However, as can be seen in figure 5 (left) the dimer adopted a non-centrosymmetric structure (4c_2) instead of the centrosymmetric one (4c_1) obtained when the compound crystallized from a hot methanol solution. The three structures have some common features, presenting a similar pattern of H-bonding which involves the terminal oxygen of the carboxylate which is bonded to the metal and the N-H group of the complementary peptide chain. As seen in figures 4 and 5, it can be described as an R 2 2 (10) ring inside the 16 member metallamacrocycle. Another common feature in the solid state structures of compounds 4 is the presence of solvent molecules H-bonded to exocyclic O(21) and its complementary O(31). Only for the centrosymmetric structure 4c_1 are the two molecules of methanol well defined. For 4a only one molecule of methanol has been successfully refined, while for 4c_2 the electron density found in the proximity of the exocyclic oxygens could not be modeled (see Experimental).
Metallamacrocycles derived from Gly-Gly-Gly
The same procedure as described above for the Gly-Gly derivatives can be applied for those prepared from glycylglycylglycine, Gly-Gly-Gly (See Scheme 3). In this case the resulting dimers are insoluble and therefore, no NMR data could be obtained. The poor solubility of the dimers presented in this work in typical solvents greatly increased as the length of the chain increased (and may be a result of the increase of internal H-bonding). Despite their sparing solubility, metallacyclopeptides 6 were characterized by IR and by electrospray-ionization time-of-flight high resolution mass spectrometry (ESI-TOF), the latter confirming the dimeric structure (See experimental) and evidencing the definitive tendency of the ligands towards the formation of macrocyclic dimers of Mn(I), Re(I) or Mo(II). The tendency of these systems towards dimerization opens a convenient way to the synthesis of metallamacrocycles whose size can be tailored by starting from the appropriate monomeric precursor. While using βalanine allows the synthesis of Mn(I), Re(I) and Mo(II) metallamacrocycles of 12 members, larger metallamacrocycles of 16 and 22 members can be obtained by starting from the corresponding Gly-Gly or Gly-Gly-Gly monomeric precursor, thus opening a general and easy way to the preparation of Please do not adjust margins Please do not adjust margins scarce metallacyclopeptides. Finally, these dimers are also interesting since they could serve as cation hosts since they have an effective cavity. Work is underway in our group to validate these assumptions. Particularly promising is dimer 6c since preliminary tests show that its solubility can be improved by the addition of Na(B-3,5-(CF 3 ) 2 C 6 H 3 ) 4, thus evidencing a large interaction with the salt.
Conclusions
Deprotonation of the carboxylic group of the side chain of iminopyridine complexes derived from the amino acid βalanine, dipeptide glycylglycine, or tripeptide glycylglycylglycine, does not lead to intramolecular nucleophilic attack to give tridentate (N,N,O) coordination of the ligand. Instead, the attack is produced in a concerted intermolecular fashion to give dimers in which the ligands act as bridges, didentate (N,N') to one metal and monodentate (O) to the other metal. In previous reports on dimers formed by analogous short-chain complexes derived from alanine, it was concluded that the formation of the dimer was due to geometric restrictions. The generality of this his explanation cannot be maintained since the complexes presented here contain side chains of up to 9 atoms (in the Gly-Gly-Gly residue) which are flexible and would be capable of intramolecular coordination. For derivatives of small amino acids such as -alanine (2a-c) the geometric restrictions pointed out by Herrick et al.. could apply. In the case of derivatives made from gly-gly or gly-gly-gly, the chains would be long and flexible enough to give intramolecular coordination. However it is experimentally observed that the reaction proceeds towards the formation of the head to-tail dimers containing dimetallamacrocycles of 12, 16 and 22 members. It can be concluded therefore that this type of ligands presents a definite tendency towards the formation of dimers. Although, there is not a definite proof to ascertain the factor which drives the process, we tentatively propose that Hbonding could play a significant role in the process. For all the metallacyclopeptides, the H-bonding is established intramolecularly, across the macrocycle, leading to the formation of a ribbon-like arrangement which exhibits an incipient helical twist reminiscent of the α-arrangement found in proteins. Moreover, the peptide side-chains of some of the precursors exhibit in solid state an anti-parallel (head-to-tail) arrangement of the chains, which somewhat anticipates the formation of the head to tail dimers. 
Experimental

Materials and general methods
All operations were performed under an atmosphere of dry nitrogen using Schlenk and vacuum techniques. Dichloromethane was distilled from CaH 2 . THF and diethylether were distilled from Na/benzophenone. Hexane was distilled from Na. Literature procedures for the preparation of starting materials are quoted in each case. Ligands and other reagents were purchased and used without purification unless otherwise stated. Kieselguhr (diatomaceous earth, Merck) was used for filtration. IR spectra in solution were recorded with a Perkin Elmer Spectrum RX I FT-IR instrument, using cells with CaF 2 windows. All mass spectra were collected at the mass spectrometry center at the University of Alcala on a Time-of-flight 6210 LC/MS Agilent Technologies mass spectrometer equipped with electrospray ionization (ESI) and a mass range from 75-11600 u.m.a. The technique used to introduce the sample was Flow injection analysis (FIA). Mobile phase: MeOH(75)/H 2 O(25) with 5mM of ammonium formate as an additive. All NMR solvents were stored over molecular sieves and degassed by three freezepump-thaw cycles under nitrogen prior to use. NMR experiments were measured on a Bruker AV-400 spectrometer. Chemical shift values are given in ppm. To a deep-red solution of 1a (0.198 g, 0.500 mmol) in THF (35 mL) was added AgOTf (0.129 g, 0.500 mmol) and the resulting suspension was stirred for 6 h at room temperature in darkness. The reaction was monitored by IR in solution. The mixture was then filtered through kieselguhr to obtain a yellow solution. To this was added NEt 3 (0.152 g, 1.500 mmol) and the mixture was stirred at room temperature for 2 h and then filtered. Addition of Et 2 O gave orange microcrystals of 2a. 8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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(N,N',O)-(pyC(H)=N(CH 2 ) 2 COO)] 2 (2c).
To a solution of 1c (0.100 g, 0.238 mmol) in CH 2 Cl 2 (25 mL) was added NEt 3 (0.036 g, 0.357 mmol) and the mixture was stirred for 20 min. AgOTf (0.061 g, 0.238 mmol) was added and the resulting slurry was stirred in darkness at room temperature for 12 h and then filtered through kieselguhr to obtain a brown solution. Addition of hexane and slow evaporation under vacuum gave compound 2c as a microcrystalline brown solid. The synthesis of 2c can be also carried out by substituting an excess of K 2 CO 3 instead of NEt 3 
(N,N',O)-pyC(H)=NCH 2 CONHCH 2 COO)] 2 (4a)
Compound 3b was synthesized as described above for 2a by using 3a (0.150 g, 0.340 mmol), AgOTf (0.087 g, 0.340 mmol) and NEt 3 (0.103 g, 1.020 mmol). Cooling of the solution to -20 ºC produced precipitation of 3a as orange microcrystals. Yield, 0.087 g, 71%. Anal. Calcd. for C 26 H 20 In an NMR tube, 15mg of 3c in acetone-d 6 were treated with NEt 3 (5L) and the resulting solution was kept at room temperature. From this solution compound 4c slowly started to crystalize as black crystals (81% yield, after 3 days). Under these conditions dimer 4c adopted a noncentrosymmetric structure (4c_2) (see figure 4 ). Compound 6a was prepared as described above for 2a by using 5a (0.100 g, 0.201 mmol), AgOTf (0.052 g, 0.201 mmol) and NEt 3 (0.061 g, 0.603 mmol). In this case the reaction mixture was THF (30 mL) and MeOH (10 mL 
(N,N',O)-pyC(H)=N(CH 2 CONHCH 2 ) 2 COO)] 2, (6b)
Compound 6b was prepared as described above for 2a by using 5b (0.120 g, 0.191 mmol), AgOTf (0.049 g, 0.191 mmol) NEt 3 (0.058 g, 0.573 mmol). In this case the reaction mixture was THF (30 mL) and MeOH (10 mL . Compound 6c was prepared as described above for 4c by using 5c (0.150 g, 0.288 mmol) and NEt 3 (0.044 g, 0.432 mmol). Yield: 0.118 g, 85%. Anal. Calcd. for C 36 . X-Ray diffraction study of 2a, 2a', 2b, 2c, 4a, 4c_1 and 4c_2.
cis-[Mo(κ
Intensity measurements were made with a Bruker AXS SMART 1000 diffractometer with graphite monochromatized Mo Kα Xradiation and a CCD area detector. Raw frame data were integrated with the SAINT 24 program. A semi-empirical absorption correction was applied with the program SADABS. 25 The structures were solved by direct methods with SIR2002 26 , under WINGX, 27 and refined against F 2 with SHELXTL 28 under OLEX2. 29 All non-hydrogen atoms were refined anisotropically unless otherwise stated. Hydrogen atoms were set in calculated positions and refined as riding atoms, with a common thermal parameter. In the structure of 2a' one CH 2 group in one of the triethylammonium cations was found to be disordered in two positions with occupancy 0.7 for C(85A) and 0.3 for C85B. The perchlorate groups were refined with DELU, SIMU and ISOR constraints to keep a reasonable behavior of the anisotropic thermal parameters of the oxygen atoms. For the structures of 4a and 4c_2 (non-centrosymmetric) some peaks of electron density were found which could correspond to crystallization solvent. Despite repeated attempts it was not possible to get a chemically sensible model, and the residual electron density was treated with the solvent mask technique implemented in OLEX2. 29 Relevant data are included in the cif file. Calculations were made with SHELXTL and PARST, 30 and graphics were made with OLEX2 Crystal data, particular details and CCDC reference numbers are given in Table 1 .
